Meiotic maturation stimulates a change in the translation of stored mRNAs: mRNAs encoding proteins needed for growth of oocytes are translated before meiotic maturation, whereas those encoding proteins required for cleavage are translated after meiotic maturation. Studies of translational regulation during meiotic maturation have been limited by the lack of translationally active cellfree supernatants. Starfish oocytes are ideal for preparing cell-free translation systems because experimental application of the hormone 1-methyladenine induces their maturation, synchronizing meiosis. We have prepared such systems from both immature and mature oocytes of starfish. Changes in protein synthesis rates and the specificity of proteins synthesized in these cell-free translation supernatants mimic those seen in vivo. Supernatants both from immature and mature oocytes have a high capacity to initiate new translation because 90% of the proteins made are newly initiated from mRNAs. Cell-free supernatants from mature oocytes have a much higher rate of initiation of translation than those from immature oocytes and use the 43S preinitiation complexes more efficiently in initiation of translation. Similarly, we have shown that mRNAs and initiation factors are rate limiting in cell-free translation systems prepared from immature oocytes. In addition, cell-free translation systems prepared from immature oocytes are only slightly, if at all, inhibitory to cell-free translation systems from mature oocytes. Thus, soluble inhibitors, if they exist, are rapidly converted by cell-free supernatants from mature oocytes. The similarities between translation in our starfish cell-free translation systems and in intact oocytes suggests that the cell-free translation systems will be useful tools for further studies of maturation events and translational control during meiosis.
Introduction
In most eukaryotes, including frogs, clams, starfish, and mammals, meiotic maturation of oocytes is accompanied by dramatic changes in protein synthesis, which are regulated at the translational level. One of the major changes is a shift from the synthesis of proteins needed for oocyte growth to the synthesis of proteins needed during the rapid cell cleavages of early embryos (Martindale and Brandhorst, 1984; Grainger et al., 1986; Rosenthal and Ruderman, 1987; Patrick et al., 1989) . Another change is an increase in protein synthesis rates after meiotic maturation (Firtel and Monroy, 1970; Houk and Epel, 1974; Patrick et al., 1989) . With the exception of recently developed cell-free translation systems from oocytes of Xenopus laevis (Patrick et al., 1989) , most investigations of the translational regulation associated with meiotic maturation have been limited to intact oocytes or to cell-free translation systems from oocytes that are supplemented with nucleasetreated, post-mitochondrial supernatants from rabbit reticulocytes.
Starfish oocytes are ideal for the study of oocyte meiotic maturation. A ripe starfish ovary contains many fully grown oocytes of almost equal size. Their meiosis is arrested at first prophase, and re-initiation of meiosis requires 1-methyladenine (1-MA), a hormone released from the surrounding follicle cells under the stimulation of gonad-stimulating substance from radial nerves (Kanatani, 1985) . 1-MA acts through a plasma membrane receptor to induce the formation of a maturation promoting factor (MPF), which initiates meiotic maturation and germinal vesicle breakdown (GVBD) (Doree and Guerrier, 1975; Moreau et al., 1978; Kishimoto and Kondo, 1986; Yoshikuni et al., 1988) . Houk and Epel (1974) reported that, under the influence of 1-MA, protein synthesis in oocytes began to increase before GVBD, reaching a rate five times the unstimulated rate at the time of second prophase. Fertilization had no further effect on the rate of protein synthesis. Maturation is also accompanied by striking changes in the pattern of protein synthesis (Rosenthal et al., 1982) . These changes, detectable shortly after GVBD, are mediated at the translational level (Martindale and Brandhorst, 1984) .
Previously, cell-free systems were developed successfully from rabbit reticulocytes (Pelham and Jackson, 1976; Jackson and Hunt, 1983) and sea urchin eggs and embryos (Lopo and Hershey, 1985; Lopo et al., 1988; Colin et al., 1987; Hansen et al., 1987) . Cell-free systems from other sources, such as those prepared from mouse and rat liver (Eisenstein and Harper, 1984; Morley and Jackson, 1985) , L cells (Skup and Millward, 1980) , and yeast (Gasior et al., 1979) , tend to synthesize proteins at a lower rate and re-initiate less efficiently than the corresponding intact cells. This paper describes active, cell-free translation systems from immature and mature oocytes of starfish. They have high capacities of re-initia- We developed a method for the preparation of cell-free translation systems for starfish oocytes by following the strategies developed by co-workers (1981, 1985) , Colin et al. (1987 , as corrected by Hille et al., 1990 ), and Lopo et al. (1988 (Laemmli, 1970) were electrophoresed on a 10% polyacrylamide/SDS gel. The gel was treated with En3Hance according to manufacturer's instructions and exposed to an X-Omat AR film. Lanes: (1) cell-free translation system from immature oocytes; (2) intact immature oocytes; (3) cell-free translation system from GVBD oocytes; (4) intact GVBD oocytes. Lanes for cell-free translation systems from immature oocytes and GVBD oocytes contained equal units of A260nm. Lanes for in vivo comparisons matched the corresponding in vitro lanes in cpm incorporated into proteins.
been reported that protein synthesis in the cellfree translation systems of oocytes and eggs of X. Iaevis is stimulated by 0.5 mM spermidine and inhibited by snap-freezing of the cell-free supernatants in liquid nitrogen (Patrick et al., 1989) . However, our results showed that spermidine was inhibitory even at a low concentration (0.5 mM) in cell-free translation systems derived from immature oocytes and from oocytes that had been incubated with 1-MA for 70 min until their germinal vesicles had just broken down (Figure 1 C) Figure 2A ). Typical raw data for protein synthesis in cell-free translation systems from untreated and 1-MA-treated oocytes are shown in Figure 2B . To calculate the absolute rates of protein synthesis in cell-free translation systems, the endogenous methionine pools were measured by an isotope-dilution method, and the values-based on two separate measurements from the same supernatant preparation-are presented in Table 1 . These rates are similar to those observed in in vivo and in vitro studies of sea urchin eggs and embryos (Goustin and Wilt, 1981;  Huang, Hansen, and Jagus, personal communication). Protein synthesis rates in cell-free translation systems increased 0.5-fold 30 min after the addition of 1-MA and 1.8-fold increase at GVBD (treated with 1-MA for 70 min). Further increase was observed with longer 1-MA treatment (4-fold increase after 180 min treatment). We conclude that the differences observed in protein synthesis rates in cell-free translation systems prepared from immature and mature oocytes mimic the differences found in intact immature and mature oocytes. The results also agree with the rates observed from preloaded intact oocytes reported by Houk and Epel (1974 Re-initiation capacity of the cell-free translation systems
To investigate the initiation capacity of the cellfree translation systems, the initiation inhibitor aurin tricarboxylic acid (ATA) was added to the reaction mixtures ( Figure 4A ). In cell-free translation systems from both immature oocytes and GVBD oocytes, a small amount of incorporation is observed during the first 15-30 min of incubation in the presence of ATA because of the elongation of previously initiated peptides. After 45 min of incubation, the total incorporation of [3H]-amino acids in both ATA-treated supernatants is only 100/ of the controls, suggesting that -900/o of the activity observed in the cell-free translation systems is the result of initiation. The ATA-sensitive incorporation calculated from Figure 4A shows that the initiation rate in the cell-free translation system from GVBD oocytes is approximately seven times that of immature oocytes after 45 min of incubation with [3HI-amino acids ( Figure 4B ).
Labeling of 43S preinitiation complexes with [5SJmethionine in cell-free translation systems
The experiments with ATA suggest that the cellfree translation systems from GVBD oocytes are more active in initiation of translation than those Figure 7B shows that, after 20 min of incubation, the translational activity of this system is decreased by the addition Vol. 1, December 1990 20 of supernatants from either immature oocytes or GVBD oocytes. Supernatants from immature oocytes, however, exhibit a slightly greater inhibition than supernatants from GVBD oocytes. This inhibition increases with an increasing percentage of supernatants from immature oocytes, in agreement with the results described for Figure 7A .
Discussion
Our starfish cell-free translation system mimics protein synthesis in vivo for both the change in the rate of translation and the change in specificity of proteins synthesized. Changes in the specificity of proteins synthesized in cell-free translation systems from Pisasterochraceus not only mimic those in vivo, but also specifically mimic shifts in translational products from intact oocytes of Asterias forbesi, shifts that Rosenthal et aL. (1982) noted as being oocyte or cleavage specific.
The initiation of translation contributes to most of the protein synthesis activity in the postmitochondrial supernatants, and the initiation rate is greatly increased on meiotic maturation. Results from labeling of 43S preinitiation complexes indicate that this increase results in an increased utilization of 43S subunits binding to mRNAs. Addition of crude initiation factors and globin mRNAs or starfish oocyte mRNAs indicate that both the active initiation factors and the available mRNAs are rate limiting in postmitochondrial supernatants from immature oocytes. Our experiments also show that the cell-free translation systems from immature oocytes of starfish may have a slight inhibitory activity.
It remains unclear how maternal mRNAs are selectively chosen for translation. The discovery that mRNA exists in the cell as RNA-protein complexes (messenger ribonucleoprotein particles or mRNPs) led to the suggestion that these proteins might be repressors of mRNA activity in the unfertilized egg. This idea has become known as the "masked message" hypothesis (Spirin, 1966) . Grainger and Winkler (1987) have reported that the translationally inactive mRNPs from unfertilized sea urchin eggs could be activated by removing mRNA-binding proteins through high salt and EDTA. One fraction of the dissociated proteins could inactivate mRNA when added back, in support of the masked message hypothesis. Richter and Smith (1984) also identified oocyte-specific proteins in association with nontranslating poly(A)+ mRNAs from X. Iaevis oocytes, which inhibit translation reversibly.
In Spisula solidissima oocytes, however, selective translation of mRNA seems to be closely related to adenylation of maternal mRNAs (Rosenthal et al., 1983; Rosenthal and Ruderman, 1987) . McGrew et al. (1989) have reported that the selective polyadenylation and translation of mRNAs during meiotic maturation of X. Iaevis oocytes require two conserved regions in the 3'-untranslated region, and the translational recruitment may require the dynamic process of polyadenylation.
On the other hand, Huang et al. (1987) have reported that, in cell-free translation systems from unfertilized sea urchin eggs, inhibitory activity could be overcome by addition of initiation factor 4F. However, the protein synthesis rate was not increased to the level of translation systems from fertilized eggs simply by adding 4F. This suggests that mRNA or other initiation factors are also rate limiting in sea urchin eggs. Mandley and Lopo (1987) have suggested that a nuclease-sensitive element may be involved in the translational repression of unfertilized sea urchin eggs.
The great similarity between our starfish cellfree translation systems and intact cells-both in the changes in the rates of translation and in the specificity of proteins synthesized-and the high capacity of reinitiation in the cell-free translation systems suggest that this starfish cell-free translation system can be a useful tool for studies of maturation events and translational control during the maturation events in starfish oocytes. This study shows that translational changes are complex during meiotic maturation. They most likely involve increases in the activity of initiation factors and the availability of mRNAs and probably a decrease in an inhibitory activity. We are currently investigating each of these possibilities. (Doree and Guerrier, 1975) . The released primary oocytes were filtered through two layers of 149-gm nitex screens and washed three times with ice-cold CaFSW to remove follicle cells. Preparations with >95% intact germinal vesicles were transferred to natural seawater to yield a 5% (v/v) suspension. Oocyte suspensions were stirred with paddles at 1 3°C for 30 min for oxygenation. For 1 -MA treatment, 1-MA was added at a concentration of 2 gM after oxygenation of the suspension by stirring. Synchronized GVBD (>95%) occurred 70 min after oocytes were exposed to 1 -MA at 1 3°C. These oocytes are referred to as GVBD oocytes. To arrest the cells, we diluted cell suspensions at -30C in 10 vol of stop buffer (80 mM KCI, 100 mM K-gluconate, 25 mM N-2-hydroxyethylpiperazine-/V-2-ethanesulfonic acid (HEPES), 2.5 mM MgCI2, 2 mM ethylene glycolbis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 300 mM glycine, and 230 mM glycerol, pH 7.2). The temperature was not allowed to rise above 0°C. Cells were collected by centrifugation for 3 min at 370 x g (maximum speed) washed in 5 vol of HM (autoclaved stop buffer plus 5 mM Na-p-tosyl-1 -arginine methyl ester and 5 mM benzamidine) at 0°C, and centrifuged for 4 min at 2600 x g (maximum). The packed cells were mixed with 1 vol of HM, and a final concentration of 300 U/ml RNasin, 50 Ag/ml leupeptin, 0.5 mg/ml reduced glutathione, and 1 mg/ml soybean trypsin inhibitor and broken with a glass Dounce homogenizer. The homogenate was centrifuged at 12 000 x g (maximum) for 20 min. The upper 70-80% of the supernatant was gently mixed and stored in aliquots in liquid nitrogen.
Cell-free translations
The final concentrations in the assay mixture were 70 mM K-gluconate, 1.75 mM MgCI2, 15 mM creatine phosphate, 36 U/mI creatine phosphokinase, 1.4 mM ATP, 0.4 mM GTP, 31.5 mM HEPES, pH 7.0, 300 U/mI RNasin, 0.05 mg/ml leupeptin, 0.5 mg/ml reduced glutathione, 1 mg/ml soybean trypsin inhibitor, 5 mM dl-dithiothreitol, and 0. (Safer et al., 1979) after 15 min of incubation. Absolute rates of protein synthesis (pg protein-h-1 oocyte-equivalent-') were calculated using a figure of 1 % for an average methionine content of proteins and a figure of 110 Da for the average size of amino acids (Goustin and Wilt, 1981 Crystal et al. (1974) , and mRNAs containing poly(A) tail were extracted from the polyribosomes by the method of Palmiter (1974) and Aviv and Leder (1972) . Supernatants from starfish oocytes were, however, first precipitated with EtOH to remove K+. Crude initiation factors were prepared from reticulocytes by the method of Crystal etal. (1974) , Schreier and Staehelin (1973) , and Danilchik and Hille (1981) .
